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Serine/threonine kinase Akt/protein kinase B, the cellular homologue of the transforming viral oncogene
v-Akt, plays a central role in the regulation of cell survival and proliferation. We have previously demonstrated
that the proto-oncogene TCL1 is an Akt kinase coactivator. TCL1 binds to Akt and mediates the formation of
oligomeric TCL1-Akt high-molecular-weight protein complexes in vivo. Within these protein complexes, Akt is
preferentially phosphorylated and activated. The MTCP1/TCL1/TCL1b oncogene activation is the hallmark of
human T-cell prolymphocytic leukemia (T-PLL), a form of adult leukemia. In the present study, using a
PCR-generated random TCL1 library combined with a yeast two-hybrid screening detecting loss of interaction,
we identified D16 and I74 as amino acid residues mediating the association of TCL1 with Akt. Based on
molecular modeling, we determined that the �C-sheet of TCL1 is essential for TCL1 homodimerization.
Studies with mammalian overexpression systems demonstrated that both Akt association and oligomerization
domains of TCL1 are distinct functional domains. In vitro kinase assays and overexpression experiments in
mammalian cells demonstrated that both TCL1-Akt interaction and oligomerization of TCL1 were required for
TCL1-induced Akt activation and substrate phosphorylation. Assays for mitochondrial permeability transition,
nuclear translocation, and cell recovery demonstrated that both Akt association and homodimerization of
TCL1 are similarly needed for the full function of TCL1 as an Akt kinase coactivator in vivo. The results
demonstrate the structural basis of TCL1-induced activation of Akt, which causes human T-PLL.

The TCL1/MTCP1/TCL1b oncogene activation is the hall-
mark of human T-cell prolymphocytic leukemia (T-PLL). The
disease is due to chromosomal translocations involving a T-cell
receptor gene and either the 14q32.1 or the Xq28 region.
Oncogenes defining a gene family have been identified in these
regions, namely, MTCP1 in Xq28 and TCL1 as well as TCL1b
in 14q32.1 (34, 43, 49). The oncogenic properties of MTCP1
and TCL1 were further demonstrated by the fact that trans-
genic mice overexpressing these molecules develop a murine
form of T-PLL (17, 48).

TCL1 and TCL1b are highly expressed at early developmen-
tal stages. In adults the expression of all TCL1 family members
is mostly restricted to the lymphoid compartment. TCL1 ex-
pression is limited to immature thymocytes in the T-cell lin-
eage and from pre-B to mature B cells in the B-cell lineage (34,
43). In human diseases, in addition to T-PLL, TCL1 is over-
expressed in Burkitt’s lymphoma cell lines (49), the majority of
AIDS-related non-Hodgkin’s lymphoma-designated immuno-
blastic lymphoma plasmacytoids (45), lymphoblastic lym-
phoma, chronic lymphocytic leukemia, mantle cell lymphoma,
follicular lymphoma, diffuse large B-cell lymphoma, and pri-
mary cutaneous B-cell lymphoma (30). It is also implicated in
the development of hematopoietic abnormalities in patients
with ataxia-telangiectasia (44).

We have previously found in a yeast two-hybrid screening
that TCL1 binds to the serine/threonine kinase Akt (28, 33,
35). In functional assays, all three members of the TCL1 family
(TCL1, MTCP1, and TCL1b) were able to interact with Akt1
in mammalian cells and enhance Akt kinase activity. Further,
TCL1 promoted the formation of oligomeric TCL1-Akt pro-
tein complexes in which the kinase was preferentially phos-
phorylated and activated (28). Recently, several binding mol-
ecules that bind to Akt and modulate its kinase activity have
been identified (28, 29, 35, 39).

Akt has a central role in the regulation of several signaling
pathways controlling cell survival and proliferation. To date,
three mammalian isoforms (Akt1/protein kinase B� [PKB�],
Akt2/PKB�, and Akt3/PKB�) of the kinase have been identi-
fied. These isoforms share a high degree of structural homol-
ogy with human Akt1, having 81 and 83% amino acid identity
with Akt2 and Akt3, respectively. The analysis of Akt1- and
Akt2-knockout mice has suggested a distinct role of each of the
isoforms (7, 8). The kinases have two distinct functional do-
mains: an N-terminal pleckstrin homology (PH) domain me-
diating protein-protein and protein-lipid interactions and a
C-terminal catalytic domain (6, 9, 16).

The basic activation process of the Akt isoforms appears to
be uniform (47). After the binding of growth factors to their
cell surface receptors, Akt is translocated to the plasma mem-
brane secondary to binding of the PH domain with products of
the phosphoinositide-3-kinase pathway—phosphatidylinositide
(PI)-3,4-bisphosphate and PI-3,4,5-triphosphate (2, 6, 16). The
activation of Akt is then regulated by phosphorylation on two
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regulatory sites, threonine 308/309/305 and serine 473/474/472
(Akt1/2/3, respectively), with phosphorylation of both required
for maximal kinase activity (4). Phosphorylation of the threo-
nine residue occurs through the activity of phosphoinositide-
dependent kinase 1 (PDK1) (9, 16, 42). The exact mechanisms
for the phosphorylation of Ser-473/474/472 remain to be de-
termined (1, 12, 22). After activation, Akt has been shown
elsewhere to phosphorylate and inactivate a number of pivotal
proapoptotic molecules including BAD, Nur77, and forkhead
transcription factor (FHKR) (5, 11, 21, 22).

We hypothesized that TCL1 has two distinct binding sites,
one required for the interaction with Akt and the other essen-
tial for TCL1 oligomerization, which might explain the molec-
ular mechanism of TCL1-induced Akt activation. Using a
PCR-based random TCL1 mutation library combined with a
yeast two-hybrid system to screen for loss of interaction as well
as molecular modeling, we identified these domains in TCL1.
We show that both Akt association and TCL1 dimerization are
required for full function of TCL1 as an Akt kinase coactiva-
tor, which may contribute to the development of human ma-
lignancies associated with TCL1 overexpression.

MATERIALS AND METHODS

PCR-generated random TCL1 library. Human full-length TCL1 in pGAD424
(Clontech) was amplified with primers flanking the TCL1 sequence, 5�-CCACC
AAACCCAAAAAAAGAGATCGAATTCATG and 5�-ATTCATAGATCTCT
GCAGGTCGACGGATCCTCA; the EcoRI and BamHI sites next to TCL1
cDNA are underlined. A reaction mixture of 100 �l contained 10 mM Tris-HCl
(pH 9.0), 1.0% Triton X-100, 4.2 mM MgCl2, 0.5 mM MnCl2, 3.4 mM enforcing
deoxynucleoside triphosphate (dNTP), 0.2 to 0.4 mM (other) dNTPs (15), 2 nM
template (wild-type TCL1), 5 �M (each) primer, and 2.5 U of Taq polymerase
(Promega). The reaction mixture was put in a Gene Amp 2400 Thermocycler
(Perkin-Elmer) at 94°C for 5 min and subjected to 25 cycles of 1 min at 91°C, 1
min at 51°C, and 3 min at 72°C followed by a final extension at 72°C for 10 min.
PCR products were subcloned into pGAD424 (Clontech). Nucleotide sequences
from the resulting random library were analyzed to determine the frequency of
nucleotide substitutions.

Yeast two-hybrid screening for loss of interaction. Y190 cells (Clontech) were
cotransformed by the lithium acetate method with a human Akt2 (Akt2/PAS2-1)
and the TCL1 random library as described previously (28, 31). Approximately 104

clones from the cDNA library were screened in the absence of 3-amino-1,2,4-
triazole (Sigma). His� colonies were evaluated for �-galactosidase (�-Gal) ac-
tivity using a filter-lift assay. Yeast clones were classified according to �-Gal
intensity into three categories: 3-h-positive (��), 8-h-positive (�), and 24-h-
negative (�) clones. From each category 10 clones were picked for nucleotide
sequencing.

Quantitative �-Gal assay. Y190 cells (Clontech) were cotransformed with
Akt2/PAS2-1 together with wild-type, D16G, K30M, Q46R, I74V, and M106V
TCL1 in pGAD424 (Clontech). TCL1 mutants were generated by PCR-based
site-directed mutagenesis and/or with the Quikchange kit (Stratagene). The
liquid �-Gal assay was performed using ONPG (O-nitrophenyl-�-D-galactopyr-
anoside; Sigma) as described previously (28). The values shown were normalized
by the expression of each yeast transformant as determined by Western blot
analysis (GAL4 activation domain antibody [Ab]; Clontech).

Expression vectors. Mammalian expression constructs (pCMV6-HA-Akt1,
pCMV6-HA-Akt2, pCMV2-Flag-TCL1 [wild type and substitution mutations of
TCL1], pME-18S-HA-TCL1 [wild type and substitution mutations of TCL1])
and prokaryotic expression vectors for the generation of glutathione S-trans-
ferase (GST) fusion proteins (pGEX4T2-TCL1 [wild type and substitution mu-
tations of TCL1]) have been previously described (28). All nucleotide sequences
were verified before performing the experiments.

Site-directed mutagenesis of TCL1. Amino acid substitution mutants of TCL1
(D16G, K30M, Q46E, I74V, M106V, 36-38A, or 36A/38�) were generated by
PCR using the primers listed below, and wild type and mutants were subcloned
into pGAD424 (Clontech) and pME18SHA (28) or pCMV Flag (Kodak) ex-
pression vectors. pGEX4T2-D16G TCL1 and pGEX4T2-36-38A TCL1 were
generated by subcloning the corresponding cDNA from pGAD424. All nucleo-

tide sequences were verified before the indicated experiments. Mutated codons
are underlined in the primer sequences. Primers were the following: for D16G,
5�-ATG GCC GAG TGC CCG ACA CTC GGG GAG GCA GTC ACC GAC
CAC CCG GGC CGC CTG TGG GCC; for K30M, 5�-GTG TAT TTG GAC
GAG ATG CAG CAC GCC TGG CTG; for Q46R, 5�-G ATA AAG GAT AGG
TTA CGG TTA CGG GTG CTC TTG; for I74V, 5�-CCA AGC CTG CTG CCT
GTC ATG TGG CAG CTC TAC; for M106V, 5�-ATC ATC GGA TCC TCA
GTC ATC TGG CAG CAG CTC GAG AAG CAC GTC CTC C; for 36-38A,
5�-CAG CAC GCC TGG CTG GCC GCG GCC ATC GAG ATA AAG GAT
and reverse complement; and for 38A/38�, 5�-GCC TGG CTG GCC TTA ATC
GAG ATA and reverse complement.

Coimmunoprecipitation assays. 293T cells (American Type Culture Collec-
tion) were cotransfected with a total of 10 �g of indicated plasmids: pCMV-
Flag-TCL1 (wild type and indicated mutated forms) with pCMV-HA-Akt1,
pCMV-HA-Akt2, pCMV-HA-Akt3, pCMV-PH-Akt1 or pCMV-C-terminal
Akt1 (41), and pME18S-HA-TCL1 (28). For the TCL1 dimerization experiment,
Flag-tagged TCL1 and hemagglutinin (HA)-tagged TCL1 were transfected. Sev-
enty-two hours after transfection cells were washed twice with ice-cold phos-
phate-buffered saline (PBS) and lysed with ice-cold Brij 97 lysis buffer. Lysates
were precleaned with a protein G-protein A mixture (50% [vol/vol]; Pharmacia)
for 1 h; immunoprecipitated with anti-HA, anti-myc, or anti-Flag Ab with anti-
mouse immunoglobulin G as a control; run on a sodium dodecyl sulfate (SDS)-
polyacrylamide gel (4 to 20% Tris-glycine gel; Novex); and immunoblotted with
anti-HA Ab (3F10; Boehringer Mannheim).

In vitro Akt kinase assays. GST-TCL1 and control GST proteins were gen-
erated as described previously (28). Akt1 was immobilized with anti-HA or
anti-green fluorescent protein (GFP) monoclonal Ab (MAb) (Clontech) from
293T cells transfected with pCMV6-HA-Akt1. In vitro kinase assays were per-
formed with the Akt kinase assay kit (Cell Signaling) using baculovirus K179D
Akt1 (28) by incubating a total of 20 �l of the indicated immobilized GST fusion
proteins (0 to 15 �g) in the presence of 2 �l (5 ng) of immobilized Akt for 7 min
at 30°C. The total amount of GST protein in the reaction mixtures was normal-
ized to 15 �g by adding GST control fusion protein into the reaction samples.
The reactions were terminated by adding SDS sample buffer and analyzed on
SDS gels (Invitrogen).

GST pull-down assays. In vitro translation of indicated wild-type and mutant
forms of TCL1 (in PSG5 vector; Stratagene) was performed using the TNT-
coupled reticulocyte lysate system (Promega), [35S]methionine (Amersham
Pharmacia Biotech), and T7 polymerase. In vitro-translated TCL1 protein prod-
uct was mixed with 6 �g of each GST fusion protein and 20 �l of glutathione-
Sepharose 4B beads (Amersham Pharmacia Biotech) (wild-type TCL1 and mu-
tant TCL1 in Fig. 3B) in 400 �l of NETN buffer (20 mM Tris [pH 8.0], 100 mM
NaCl, 1 mM EDTA, 0.5% NP-40), incubated for 3 h at 4°C, and washed three
times with NETN buffer. After the final wash 20 �l of 2	 SDS sample buffer was
added to each reaction mixture, and the samples were resolved on an SDS gel
(Invitrogen) and autoradiographed.

In vivo phosphorylation of FKHR and BAD. In vivo levels of phosphorylated
FKHR and BAD were assessed using the phospho-FKHR Ab or anti-phospho-
BAD Ab (Cell Signaling) with the following modifications. 293 cells were trans-
fected with 2 �g of the indicated form of HA-tagged TCL1 or control vector per
six-well dish by the calcium phosphate method (28). For BAD, 293 cells were
transfected with 3 �g of pEBG-MBAD with a total of 7 �g of the indicated
plasmids: sham (vector control) and TCL1 (1 �g). Forty-eight hours after trans-
fection, the cells were serum starved for 24 h before harvesting. The cells were
lysed, and an equal amount of protein was loaded into individual lanes and
Western blotted using the indicated Abs.

Mitochondrial transmembrane potential (MTP) measurement. MTP mea-
surement using rhodamine 123 was performed as described previously (28).
Briefly, transfected cells were stimulated with 50 ng of human tumor necrosis
factor alpha (PeproTech)/ml for 4 h at 37°C, stained with 2.5 �M rhodamine 123
(Molecular Probes) for 15 min and with 2 �g of propidium iodide (Boehringer
Mannheim)/ml, and analyzed using fluorescence-activated cell sorting (FACS).

Cell recovery assays. Cell recovery assay after cytokine withdrawal was per-
formed essentially as described previously (24). Internal ribosomal entry site GFP
retroviruses of wild-type and indicated mutant forms of TCL1 were generated as
described previously (28). Splenic CD4� T cells were purified from DO10 T-cell-
receptor-transgenic mice by using T-cell enrichment columns (R&D Systems).
After CD4� T cells were stimulated with anti-CD3 MAb plus anti-CD28 MAb
for 48 h, cells were washed with PBS and incubated with 500 �l of the retrovi-
ruses in the presence of interleukin 2 (IL-2; 20 U/ml) in a 24-well plate precoated
with recombinant fibronectin fragment (CH-296, RetroNectin, 27 mg/ml;
TaKaRa). After 4 h of infection, 500 �l of fresh medium containing IL-2 and
IL-4 (20 ng/ml) was added and cells were allowed to grow for an additional 60 h.
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Under these conditions, the transduction efficiency to CD4� T cells was 15 to
20% as assessed by counting GFP-positive cells by FACS. The cells were washed
twice with PBS and cultured in the presence or absence of IL-4 and IL-2 for an
additional 72 h. The number of live infected cells (GFP-positive, propidium
iodide-negative cells) was determined by FACS (24, 31). The percent cell recov-
ery was calculated as (number of viable cells without cytokines/number of viable
cells with cytokines) 	 100. The data presented are relative % cell recovery
compared to the wild-type TCL1 transduction 
 100 	 {[% viable cells gating on
transduced cells (GFP positive) of mutant form of TCL1] � [% viable cells in
sham transduction (40.4%)]}/{[% viable cells gating on transduced cells (GFP
positive) of wild-type TCL1 (80.3%)] � [% viable cells in sham transduction
(40.4%)]}.

Nuclear translocation of Akt. GFP fusion Akt3 (in pEGFP vector [Clontech],
0.5 �g) was cotransfected with 2.5 �g of TCL1 (wild type, D16G/I74V, 36-38A,
or sham control vector) per six-well dish into 293 cells by the calcium phosphate
method. Sixteen hours after transfection, cells were serum starved for an addi-
tional 6 h, fixed with 4% paraformaldehyde, and visualized under an immuno-
fluorescence microscope.

Abs utilized in this study. Anti-HA Ab (3F10; Boehringer Mannheim); anti-Flag
Ab (M2; Kodak); anti-phospho-Akt (Ser-473, Thr-308); anti-phospho-glycogen syn-
thase kinase 3� (GSK-3�); anti-Akt; FKHR; phospho-FKHR (S-256; Cell Signal-
ing); 27D6 anti-TCL1 Ab (generous gift from R. Bichi); isoform-specific anti-Akt1,
anti-Akt2, and anti-Akt3 Ab (Upstate Biotechnologies); GAL4 activation domain
Ab (Clontech); and GFP MAb (Clontech) were used in this study.

Statistical analysis. Data were subjected to a one-way analysis of variance
followed by Dunnett multiple comparison tests. P � 0.05 was considered to be
significant.

Quantitation of the kinase assays. All kinase assays were quantitated by using
the NIH Image (version 1.62) program calculating fold increase compared to
control.

RESULTS

TCL1 random mutation library screening for loss of Akt-
TCL1 interaction revealed accumulation of amino acid substi-
tutions at positions D16, K30, Q46, I74, and M106. In order to
define amino acid residues which mediate the Akt-TCL1 in-
teraction, we generated a random TCL1 library by PCR-me-
diated random mutagenesis. Enforced dATP resulted in 1.4%,
dTTP resulted in 3.8%, dGTP resulted in 4.0%, and dCTP
resulted in 1.4% substitution incidence. The total frequency of
nucleotide substitutions in this library was 2.7% with a 0.09%
insertion-deletion rate (Fig. 1A). The size of the library was
approximately 2.5 	 104 bp. The substitutions were distributed
over more than 90% of the whole molecule in the 25 sampling
clones sequenced (data not shown).

We then performed a yeast two-hybrid assay to study the
interaction of individual clones with Akt2. The surviving yeast
clones were classified into three categories based on the inten-
sity of blue color reaction in the �-Gal lifting assay (�-Gal
positive at 3 h [��], �-Gal positive at 8 h [�], and negative
[�]). The nucleotide sequences of 10 clones of each category
were determined. The �� clones contained wild-type TCL1 or
mutations at positions P5, P15, D43, L45, P61, M75, and D88,
which did not affect �-Gal activity, indicating that the residues
were not responsible for Akt interaction. The amino acid sub-
stitutions observed in the 10 clones showing reduced interac-
tion with Akt (8 h positive [�]) are shown aligned with the
amino acid sequence of TCL1 (Fig. 1B). Among these clones,
there was an apparent accumulation of substitutions at specific
residues. In 9 out of the 10 clones, we found substitutions of at
least one of the amino acids at D16, K30, Q46, I74, or M106.
Negative clones (�) contained no insert, inserts with massive
deletions, frameshifts, and/or multiple mutations and were
therefore excluded from further analysis.

We hypothesized that the clones, which showed reduced Akt

interaction, might include the crucial residue(s) mediating
Akt-TCL1 interaction. Therefore, we reintroduced the individ-
ual mutations (D16G, K30M, Q46R, I74V, or M106V) into
TCL1 by site-directed mutagenesis. The substitutions D16G
and I74V resulted in dramatically decreased binding with Akt
as shown by �-Gal lifting assay (Fig. 1C) and quantitative
liquid �-Gal assay (Fig. 1D).

D16 and I74 mediate Akt interaction. Consistently, in coim-
munoprecipitation experiments in a mammalian overexpres-
sion system, D16G TCL1 showed markedly reduced interac-
tion with Akt2. I74V TCL1 showed a more modest, but
reproducible, reduction of interaction with Akt2 (Fig. 2A and
B). Similar to D16G TCL1, D16G/I74V TCL1 showed reduced
interaction with Akt2 in coimmunoprecipitation assays (data
not shown). Further, D16G TCL1 exhibited decreased binding
not only with Akt2 but also with Akt1 and Akt3 (Fig. 2C and
data not shown). Both D16G and double mutant D16G/I74V
TCL1 retained the ability to form homodimers in the overex-
pression system, indicating that their overall structure and
folding remained intact (Fig. 2D and data not shown).

These observations strongly suggest that D16 and I74 are
residues mediating the Akt-TCL1 interaction and that they are
distinct from the TCL1 homodimerization domain.

D16 and I74 mediate Akt interaction. In a mammalian over-
expression system we then determined that the interaction
between Akt1 and TCL1 is mediated through the Akt1 PH
domain, since TCL1 coimmunoprecipitated with both full-
length Akt1 and the PH domain of Akt1 (lanes 1 to 6) but not
with C terminus Akt (Fig. 2E).

The �C-sheet of TCL1 is the functional domain required for
homodimerization. Based on the X-ray structure, TCL1 is pre-
dicted to form a symmetrical �-barrel structure (23). Amino
acids D16 and I74 are localized at symmetrical positions at the
very beginning of the first and fifth �-sheet (�A and �E, D16
and I74, respectively) of TCL1. Since TCL1 is composed of 114
amino acids, position 74 is almost identical to position 16 (17th
amino acid from the beginning of the second groove [Fig. 3A]).
Moreover, in the X-ray crystal structure, both positions are
located on the same surface of TCL1, composed of �A and �E
(see also Fig. 7A). Based on the X-ray analysis (23), we hy-
pothesized that one of the �-sheets located on the opposite
side of the surface mediating Akt interaction might be required
for homodimerization. Therefore, we mutated the �C-sheet of
TCL1, generating P36A/L37A/T38A TCL1 (36-38A TCL1)
and P36A/T38� TCL1 (36A/38� TCL1), and tested whether
these mutant forms of TCL1 were capable of dimerizing (Fig.
3B).

Using GST pull-down assays with in vitro-translated TCL1,
we demonstrated that wild-type TCL1, but not the mutant
forms of TCL1 (36-38A and 36A/38�), could homodimerize
(Fig. 3C). The results were consistent in coimmunoprecipita-
tion experiments in a mammalian overexpression system in
which 36-38A TCL1 and 36A/38� TCL1 could not ho-
modimerize (Fig. 3D and data not shown). Similarly, 36-38A
TCL1 did not interact with wild-type TCL1 in coimmunopre-
cipitation assays (data not shown). However, 36-38A TCL1 was
able to interact with Akt1, Akt2, and Akt3 (Fig. 3E and data
not shown). The results indicate that the overall folding of
36-38A TCL1 remained intact and show that mutating the
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FIG. 1. Yeast two-hybrid screening of random TCL1 library for loss of interaction. (A) The nucleotide change and deletion-insertion rates for
the enforced nucleotide in each PCR for generation of the random TCL1 library are shown. Enforced dATP resulted in a 1.4% (12 � 7 of 1,380)
frequency of nucleotide substitutions, dTTP resulted in a 3.8% (16 � 27 � 6 � 4 of 1,380) frequency, dGTP resulted in a 4.0% (1 � 2 � 31 �
21 of 1,380) frequency, and dCTP resulted in a 1.4% (1 � 2 � 8 � 9 of 1,380) frequency. The total incidence of nucleotide substitution in this
library was 2.7% (30 � 38 � 45 � 34 of 5,520) with an 0.09% (5 of 5,520) insertion-deletion rate. (B) Amino acid substitutions observed in clones
interacting weakly with Akt (8 h positive [�]) are shown aligned with the structure of TCL1 (23). Accumulation of substitutions for amino acids
D16, K30, Q46, I74, and M106 was observed. (C) The �-Gal lifting assay was repeated using the wild-type and individual mutant forms of TCL1
(D16G, K30M, Q46R, I74V, and M106V). Three independent D16G TCL1 and I74V TCL1 yeast clones demonstrated dramatically reduced
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interaction with Akt as shown by color reaction in the �-Gal lifting assay. The transformation efficiency of the Y190 yeast strain (Clontech) and
the protein expression of the individual constructs were comparable (data not shown). (D) D16G and I74V TCL1 showed reduced Akt interaction
in quantitative �-Gal assay. The data presented were normalized by the level of expression of each TCL1 mutant. Yeast transformation efficiencies
(data not shown) as well as the expression of each mutant TCL1 (shown in inset below) were comparable. WT, wild type.

FIG. 2. Identification of D16 and I74 as the putative binding sites of Akt in mammalian cells. (A and B) In coimmunoprecipitation experiments
in a mammalian overexpression system, D16G TCL1 (panel A, lanes 4 to 6 with 7 to 9, wild-type TCL1 and D16G TCL1, respectively) showed
markedly reduced interaction with Akt2. The interaction of I74V with Akt2 (panel B, lanes 7 to 9) was modest but reproducibly reduced. The equal
amount of loading and the expression of the indicated TCL1 constructs were similar when analyzed by Flag Western blotting (anti-HA [H],
anti-Flag [F], and control [C] Abs were used for immunoprecipitation in all panels). (C) In a mammalian overexpression experiment in 293 cells,
D16G TCL1 showed reduced interaction with Akt1 (compare lane 5 with lane 8) compared with that for wild-type TCL1. D16G TCL1 also could
not associate with two other isoforms of Akt (Akt2 and Akt3) in a coimmunoprecipitation assay (data not shown). (D) In a mammalian
overexpression experiment using 293 cells D16G/I74V (double substitution mutation) TCL1 retained the capacity for homodimerization in
coimmunoprecipitation assays compared to wild-type TCL1 (wild-type TCL1, lanes 1 to 3; D16G/I74V, lanes 4 to 6). Similarly, D16G TCL1
retained the capacity for homodimerization (data not shown). (E) TCL1 interacts with the PH domain of Akt1 in a mammalian overexpression
system (lanes 1 to 3, 4 to 6, and 7 to 9, full-length Akt1, PH domain of Akt, and C-terminal Akt1, respectively). The results were consistent in three
independent experiments. WT, wild type.

VOL. 22, 2002 IDENTIFICATION OF THE FUNCTIONAL DOMAINS OF TCL1 1517



�C-sheet specifically resulted in the loss of homodimerization
while Akt binding capability remained intact.

Both association with Akt and TCL1 homodimerization are
required for TCL1-induced Akt activation in vitro and in vivo.
In in vitro Akt kinase assays, wild-type TCL1 enhanced Akt
kinase activity, which correlated well with increased Ser-473

phosphorylation of Akt. However, D16G TCL1 had no effect
on Akt kinase activity in a dose escalation experiment (Fig.
4A). Notably, while D16G TCL1 was not able to enhance Akt
kinase activity as examined by GSK-3� phosphorylation, it also
could not induce Akt Ser-473 phosphorylation.

Similarly, 36-38A TCL1, which bound to Akt but could not

FIG. 3. �C-sheet mediates the homodimerization of TCL1. (A) The alignment of amino acid positions D16 and I74 within the topology of the
eight-strand antiparallel �-sheets of TCL1 (23). Amino acids D16 and I74 are symmetrically located at the very beginning of two �-sheets (�A and
�E, respectively), forming a single surface of the TCL1 barrel structure (Fig. 6A). (B) The mutation forms of TCL1 targeting the �C-sheet used
in this study. In order to mutate the �C-sheet, we created P36A/L37A/T38A TCL1 (designated 36-38A TCL1, second row) and P36A/T38� TCL1
(designated 36A/38�, third row). (C) Pull-down assays were performed using an in vitro-translated full-length GST fusion protein of TCL1 and
its mutant forms. Only wild-type TCL1 (lane 1), not 36-38A TCL1 (lane 2), P36A/T38� (lane 3), or control protein (luciferase, lane 4), could
interact and thus dimerize with TCL1. Control GST showed no background retention (lanes 5 to 8), demonstrating the specificity of TCL1 binding.
The in vitro-translated protein products utilized are shown in the right panel (lanes 9 to 12, wild-type TCL1, 36-38A TCL1, P36A/T38�, and control
luciferase protein, respectively). (D) Coimmunoprecipitation experiments in mammalian overexpression systems confirmed that 36-38A TCL1 had
lost the capacity for homodimerization (compare lane 2 with lane 5, wild-type and 36-38A TCL1, respectively). The equal amounts of loading and
the expression of TCL1 in this experimental system are shown below (anti-HA [H], anti-Flag [F], and control [C] Abs were used for immuno-
precipitation in panels D and E). (E) In a mammalian overexpression system in 293 cells, 36-38A TCL1 retained the capacity to associate with Akt1
(panel D, compare lanes 2 and 5). The results were similar with Akt2 and Akt3 (data not shown). The expression levels of the Flag constructs were
comparable (data not shown). The results (C to E) were consistent in a separate set of experiments. WT, wild type.
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FIG. 4. Both Akt association and TCL1 homodimerization are required for TCL1-induced Akt kinase activation. (A) In in vitro kinase assays
increasing amounts (0 to 15 �g) of D16G TCL1 GST fusion protein did not enhance Akt1 activity. Fold increases in GSK-3� phosphorylation were
1.0, 2.3, 3.5, and 4.7 for wild-type TCL1 (lanes 1 to 4) compared with 1.0, 0.9, 1.1, and 1.1 for D16G TCL1 (lanes 5 to 8) as detected by
phospho-GSK-3� immunoblotting (top panel). Fold increases in Akt Ser-473 phosphorylation were 1.0, 2.9, 3.5, and 4.8 for wild-type TCL1 and
1.0, 1.2, 0.9, and 0.7 for D16G TCL1 as analyzed by anti-phospho-Ser-473 immunoblotting (middle panel). Equal amounts of Akt were used in the
reaction mixtures as shown by anti-HA immunoblotting panels (bottom panel). (B) Dimerization-deficient 36-38A TCL1-GST was not able to
enhance Akt1 activity. Fold increases in GSK-3� phosphorylation were 1.0, 3.8, 5.3, and 4.5 for wild-type TCL1 (lanes 1 to 4) compared with 1.0,
1.2, 0.9, and 0.7 for 36-38A TCL1 (lanes 5 to 8) as analyzed by phospho-GSK-3� blotting (top panel). Fold increases of Akt Ser-473 phosphor-
ylation were 1.0, 2.9, 3.5, and 4.8 for wild-type TCL1 (lanes 1 to 4) and 1.0, 1.2, 0.9, and 0.7 for 36-38A TCL1 (lanes 5 to 8) in phospho-Ser-473
Akt immunoblotting (middle panel). Equal amounts of Akt were used in the reaction mixtures as shown by anti-HA immunoblotting panels
(bottom panel). Similar results were obtained using Akt2 and Akt3 (panels A and B and data not shown). The results were consistent in a separate
set of experiments. (C) Overexpression of TCL1 in cells enhanced BAD phosphorylation at Ser-136 (top panel, 2.9-fold increase compared to the
control). The increased BAD phosphorylation was compromised in the presence of PH Akt (1.3-fold compared to the control), but not in the
presence of wild-type Akt (2.5-fold compared to the control). Equal amounts of BAD were transfected as verified by anti-BAD Western blotting
(bottom panel). The results were consistent in two separate independent experiments. (D) Overexpression of TCL1 in cells enhanced FKHR
phosphorylation on Ser-256 (top panel, 2.4-fold increase compared to the control). Equal amounts of nonphosphorylated FKHR and indicated
forms of TCL1 were expressed and loaded in this experiment as verified by Western blotting (middle and bottom panels, FKHR and anti-HA
blotting, respectively). The results were consistent in two separate independent experiments. WT, wild type.
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homodimerize, was unable to enhance Akt kinase activity in in
vitro kinase assays as shown by stable levels of phosphorylated
GSK-3� and Ser-473 Akt (Fig. 4B). Analogous to Akt1, TCL1
enhanced Akt2-dependent GSK-3� phosphorylation in vitro
(data not shown). The results indicate that both interaction of
TCL1 with Akt and TCL1 homodimerization are required for
TCL1 to function as an Akt kinase coactivator in vitro.

In an intact cell context, transient transfection of wild-type
TCL1 enhanced BAD phosphorylation at Ser-136, which could
be compromised by the cointroduction of pleckstrin homology
(pH) of Akt (Fig. 4C). Moreover, transient transfection of
wild-type TCL1 enhanced the phosphorylation of FKHR (5) in
293 cells. The increased FKHR phosphorylation could not be
achieved by mutant forms of TCL1 which lack the capacity for

FIG. 5. Both Akt association and TCL1 dimerization are required for TCL1-mediated stabilization of mitochondrial membranous potential,
cell survival, and nuclear translocation in vivo. (A to C) In a mammalian overexpression system using 293 cells, wild-type TCL1 stabilized the
mitochondrial membranous potential after tumor necrosis factor treatment (A) (compared with overlaid sham transfection). The stabilization
could not be achieved by the introduction of double mutant D16G/I74V TCL1 (B) or 36-38A TCL1 (C). The expression levels of TCL1 constructs
used in this experiment were comparable as verified by Western blotting (data not shown). (D) Cell recovery assay after IL-2–IL-4 withdrawal of
activated CD4� T cells was performed by retroviral transduction of wild-type and mutant forms of TCL1. Percent cell recovery (mean � standard
deviation) compared to the wild type (100%) was 4.5% � 0.1% in D16G/I74V and 9.7% � 0.2% in 36-38A TCL1. Percent cell recovery enhanced
by wild-type TCL1 compared to the sham transduction was approximately 40% in these experiments. (E to G) Wild-type TCL1 (E) but not
D16G/I74V TCL1 (F) or 36-38A TCL1 (G) facilitated the nuclear translocation of Akt in a mammalian overexpression system. Equal expression
of each construct was confirmed by Western blotting (data not shown). WT, wild type.
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dimerization (36-38A TCL1) or Akt association (D16G/I74V
TCL1) (Fig. 4D).

Both Akt association and TCL1 dimerization are required
for TCL1-mediated antiapoptosis and nuclear translocation of
Akt. MTP has a key role in the regulation of cell death ma-
chinery (18), and Akt activation regulates this process (25).
Consistent with our previous report (28), overexpression of
wild-type TCL1 stabilized the mitochondrial membranous po-
tential (Fig. 5A). The stabilization of the MTP was not
achieved by introduction of double mutant D16G/I74V or 36-
38A TCL1 (Fig. 5B and C).

TCL1 also enhanced cell recovery after cytokine withdrawal
in activated CD4� T cells. Cell recovery was enhanced by
wild-type TCL1. The enhancement was not observed with ei-
ther D16G/I74V TCL1 or 36-38A TCL1 (4.5% � 0.1% [D16G/
I74V TCL1] or 9.7% � 0.2% [36-38A TCL1] compared to the
wild-type TCL1). The results demonstrate that both Akt asso-
ciation and TCL1 dimerization are required for the complete
function of TCL1 in vivo (Fig. 5D).

TCL1 has been reported previously to enhance nuclear
translocation of Akt (35). We further examined the functional
requirement of Akt association and oligomerization of TCL1
for the nuclear translocation of Akt. Consistent with a previous
report (35), wild-type TCL1 facilitated the nuclear transloca-
tion of Akt, which could not be achieved by D16G/I74V TCL1
or 36-38A TCL1 (Fig. 5E to G). These results establish that
both TCL1 oligomerization and association with Akt are re-
quired for the complete function of TCL1 in vivo.

DISCUSSION

The use of a random mutation library combined with a
functional assay system is a powerful strategy for structural-
functional analysis (32, 51). We used this approach combined
with a yeast two-hybrid assay in order to identify the residues
of TCL1 required for Akt binding. Enforced dNTP-driven
PCR amplification was utilized to generate a random TCL1
library as described previously (15). Since TCL1 cDNA con-
sists of only 342 nucleotides, the approximately 3% substitu-
tion frequency resulted on the average in nine nucleotide (and
one to three amino acid) substitutions per single TCL1 mole-
cule, making further analysis by library screening feasible.

Although the yeast two-hybrid system was originally devel-
oped to identify protein-protein interaction (13), our results
indicate that it can be used to screen for loss of interaction.
This was made possible by the very high �-Gal activity induced
by the wild-type TCL1-Akt interaction in the system. It en-
abled mutant forms of TCL1 with very weak Akt interactions
to grow on Trp-Leu-His-deficient selection plates and be iden-
tified using the �-Gal lifting assay. The screening was also
relatively specific and possibly applicable to other molecules,
since, of the five residues showing accumulation of mutations,
two were found to be functionally relevant.

Analysis of the X-ray structure has revealed that TCL1
forms a closed symmetrical �-barrel structure, consisting of
eight antiparallel �-strands. The barrel consists of two similar
four-stranded �-meander motifs: motif 1, composed of strands
A to D, and motif 2, composed of strands E to H. A long loop
following strand D inverts the second motif by juxtaposing
strand E to strand A. Each �-sheet of TCL1 contains two

strands from each motif (23). One sheet is composed of two
pairs of the shorter strands (A-B and E-F), whereas the other
is formed by the longer strands (C-D and G-H). The loop
contains one helical turn (Pro-64–Gly-68) (Fig. 6A).

The results obtained in the screening of the random TCL1
mutation library and their functional verification demonstrated
that amino acids D16 and, to a lesser extent, I74 mediate Akt
binding. These residues are localized at very similar positions
at the very beginning of the first �-strand of each of the two
�-meander motifs of TCL1 (�A and �E, D16 and I74, respec-
tively [Fig. 3A]). Moreover, they reside on the same flat sur-
face, formed by �A and �E, of mature TCL1 (Fig. 6A). �A and
�E are linked together in an antiparallel fashion by CO-to-NH
hydrogen bonds (23).

D16, which is hydrophilic and accessible to solvent, is likely
to contribute to the stabilization of �A to �E through electro-
static interaction together with surrounding amino acids in-
cluding a cluster of basic side chains of R17, E29, and Q77.
Molecular modeling predicts that the substitution of glycine
(G16) for aspartic acid (D16) changes the angle between
amino acids 15 and 17 (PDR to PGR) from 88.45 to 71.62°,
altering the alignment of �A to �E. In addition, the absence of
a side chain towards the �E surface in glycine mutation (Fig.
6B and C, inset) might also have a role in destabilizing the
interaction.

In contrast to D16, the role of I74 in Akt interaction seems
less clear. Although in the yeast system, I74V mutation clearly
disrupted Akt binding, its effects in mammalian cells and func-
tional assays were less evident. I74 is located at the beginning
of the �E-sheet, which is well conserved among the TCL1
family proteins. The residue appears to be poorly solvent ac-
cessible. It may participate in forming a long loop structure
composed of amino acids 53 to 73 via a hydrophobic interac-
tion with P64 and contribute to maintaining a local hydropho-
bic surface.

It is possible that Akt binds to TCL1 through the �A- to
�E-sheets via two distinct sites: D16, conceivably together with
the surrounding conserved amino acids, and the hydrophobic
contact region P64/I74. Detailed molecular characterization of
the interaction awaits the elucidation of the cocrystal structure
of the Akt-TCL1 complex.

We have demonstrated elsewhere that TCL1 forms dimers
as predicted by X-ray crystallographic studies (23, 28). The
crystal study suggested that the �C-sheet of TCL1 acts as a
dimerization domain (19, 23). Since the Akt-TCL1 interaction
is mediated by the surface formed by �A and �E, it is logical
that TCL1 dimerization can be mediated by the surface di-
rectly on the opposite side of the molecule and therefore
targets the �C-sheet. Our data demonstrate that 36-38A and
36A/38� mutations, which presumably destroy the �C-sheet,
eliminate the homodimerization of TCL1 but have no effect on
Akt association. Based on this, the TCL1-TCL1 binding is
conferred by interaction between the �C-sheets of two sym-
metrical TCL1 molecules.

How does the presence of TCL1 lead to enhanced Akt
phosphorylation and kinase activation? It is well documented
elsewhere that dimerization can lead to activation of surface
receptor kinases (e.g., vascular endothelial growth factor re-
ceptor and platelet-derived growth factor receptor) and regu-
late their intracellular responses (3, 20, 40). It is unclear
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FIG. 6. Alignment of amino acid positions D16 and I74 within the topology of the eight-strand antiparallel �-sheets of TCL1. (A) The crystal
structure of TCL1 (23) and the amino acid positions of D16 and I74 are shown. Amino acids D16 and I74 are located at the very beginning of two
�-sheets (�A and �E, respectively). �A and �E form the top surface of the TCL1 barrel structure. The crystal study suggested that the �C-sheet
of TCL1 serves as a dimerization domain (19, 23). Since the Akt-TCL1 interaction is mediated by the surface formed by �A and �E, it is logical
that TCL1 dimerization can be mediated by the surface directly on the opposite side of the molecule, the �C-sheet. The arrows indicate the
positions of amino acids D16 and I74. The Swiss-Prot accession no. of human TCL1 is P56279. (B and C) Molecular modeling of wild-type (B) and
D16G (C) TCL1 based on the Swiss-pdbViewer (version 3.7b2) program is shown. D16, which is hydrophilic and accessible to solvent, is likely to
contribute to the stabilization of �A to �E through electrostatic interactions together with surrounding amino acids including a cluster of basic side
chains of R17, E29, and Q77. Molecular modeling predicts that the substitution of glycine (G16) for aspartic acid (D16) changes the angle between
amino acids 15 and 17 (PDR to PGR) from 88.45 to 71.62o, altering the alignment of �A to �E. In addition, the absence of a side chain towards
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whether intracellular nontransmembrane kinases can be acti-
vated through dimerization. It has been reported elsewhere
that TEL-JAK2 fusion protein causes human leukemia due to
oligomerization and constitutive kinase activation (27). The
Akt PH domain has been suggested previously to mediate
dimerization (6, 10). Further, a conditionally activated Akt
fused to the hormone binding domain of estrogen receptor was
able to stimulate PHAS-1 phosphorylation (26), suggesting
that Akt dimerization may promote kinase activity.

PDK1 is required for phosphorylating Akt at Thr-305/308
(37, 42) and for activation of Akt, which is thought to be the
prerequisite for subsequent Ser-473 phosphorylation (3). How-
ever, recent studies using PDK1�/� cells suggest that phos-
phorylation of Ser-473 may be independent from phosphory-
lation of Thr-308 (50). Supporting this notion, Ser-473 of Akt

was recently shown to be regulated by integrin-linked kinase
(36). Since wortmannin treatment can block the TCL1-depen-
dent Akt activation, some degree of basal Akt activity seems to
be required for the TCL1-dependent Akt kinase activation to
occur (28, 35). This observation suggests not only that TCL1
functions within the intracellular phosphoinositide 3-kinase
(wortmannin-sensitive) pathway but also that association of
Akt with PIs and/or a certain preactivation of Akt, sensitive to
wortmannin, may be prerequisite for the TCL1-induced Akt
activation. Our observations also suggest that the effect of
TCL1 on the phosphorylation status and activation of Akt
seems to be additive to, and possibly at least partially indepen-
dent of, the effects of PDK1. However, in our experimental
system of in vitro kinase assays, we cannot completely exclude
the potential contamination of immobilized Akt by PDK1 or

FIG. 7. Model of TCL1-dependent Akt kinase activation. Based on the findings presented in this study, both TCL1 dimerization (B) (36-38A
mutant TCL1) and the TCL1-Akt interaction domain (C) (D16/I74V TCL1) are required for the recruitment of individual Akt molecules into the
same high-molecular-weight protein complex, bringing Akt molecules close to each other. Thus, both domains are needed for the full function of
TCL1 as an Akt coactivator in vitro and in vivo (A).

the �E surface in the glycine mutation might also have a role in destabilizing the interaction. The changing angle between amino acids 15 and 17
is indicated by a single arrow. Note that the amino acid substitution of G16 for D16 results in the loss of the side chain as shown in the inset by
double arrows.
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other functionally equivalent kinases during the immobiliza-
tion process from transfected cells.

The Akt PH domain can directly bind to phospholipids in-
cluding PI-3,4-bisphosphate and PI-3,4,5-triphosphate, thereby
facilitating the translocation of the protein to the plasma mem-
brane (14, 38). As the molecular masses of phospholipids are
relatively small (less than 5 kDa), it is feasible for the PH
domain of Akt, which is composed of over 100 amino acids, to
interact with PIs as well as TCL1.

As demonstrated by coimmunoprecipitation assays, our data
show that TCL1 binds to Akt and facilitates the formation of
Akt-TCL1 hetero-oligomers in vivo. Thereby, Akt molecules
come into close physical proximity with each other. We have
recently demonstrated that, in the presence of TCL1, Akt
Ser-473 phosphorylation can result from transphosphorylation
by other Akt molecules in the oligomers (28a). In this scenario,
PDK1 is required for triggering the Akt kinase activation and
TCL1 further enhances Akt kinase activity. These data are in
accordance with reports demonstrating the requirement of Akt
kinase activity for Ser-473 phosphorylation in vitro (46).

Therefore, although it is likely that unidentified kinases ca-
pable of Akt Ser-473 phosphorylation exist, at least under
certain circumstances Ser-473 phosphorylation can occur
through oligomerization-induced Akt-Akt transphosphoryla-
tion (Fig. 7). Based on the findings of the present study, it
seems likely that the TCL1-Akt interaction domain is required
for the recruitment of individual Akt molecules into the oligo-
meric complexes and that the TCL1 dimerization domain is
essential for bringing several Akt molecules into the same
complex. Thus, both domains are needed for the full function
of TCL1 as an Akt coactivator in vitro and in vivo (Fig. 7).

The physiological expression of TCL1 is relatively abundant
at early embryonic stages (34) and during CD3-negative stages
of T-cell development (49), periods when external growth fac-
tor stimuli may be limited. TCL1 family proteins may function
as a structural amplification loop in the phosphoinositide 3-ki-
nase–Akt pathway, providing a survival advantage.
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